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Abstract 

Knowledge of immunodominant regions in major viral antigens is important for rational design of effective vaccines and 
diagnostic tests. Although there have been many reports of such work done for SARS-CoV, these were mainly focused on the 
immune responses of humans and mice. In this study, we aim to search for and compare immunodominant regions of the spike (S) 
and nucleocapsid (N) proteins which are recognized by sera from different animal species, including mouse, rat, rabbit, civet, pig 
and horse. Twelve overlapping recombinant protein fragments were produced in Escherichia coli , six each for the S and N 
proteins, which covered the entire coding region of the two proteins. Using a membrane-strip based Western blot approach, the 
reactivity of each antigen fragment against a panel of animal sera was determined. Immunodominant regions containing linear 
epitopes, which reacted with sera from all the species tested, were identified for both proteins. The S3 fragment (aa 402-622) and 
the N4 fragment (aa 220-336) were the most immunodominant among the six S and N fragments, respectively. Antibodies raised 
against the S3 fragment were able to block the binding of a panel of S-specific monoclonal antibodies (mAh) to SARS-CoV in 
ELISA, further demonstrating the immunodominance of this region. Based on these findings, one-step competition ELISAs were 
established which were able to detect SARS-CoV antibodies from human and at least seven different animal species. Considering 
that a large number of animal species are known to be susceptible to SARS-CoV, these assays will be a useful tool to trace the 
origin and transmission of SARS-CoV and to minimise the risk of animal-to-human transmission. 

© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 

In late 2002 to middle 2003, outbreaks of severe acute 
respiratory syndrome (SARS), also known as atypical 
pneumonia, spread through more than 30 countries and 
caused more than 8000 cases with close to 800 human 
deaths (Peiris et al., 2004). The aetiological agent was a 
previously unknown coronavirus, now named SARS 
associated coronavirus or SARS-CoV, which seems to 
be evolutionally distant to any of the existing corona- 
viruses known at the time (Rota et al., 2003; Marra et al., 
2003). Initial epidemiology studies indicated an animal 
origin (Xu et al., 2004), which was further confirmed by 
the detection and isolation of almost identical viruses 
from wild life animals in live animal markets (Guan et 
al., 2003). More recently, SARS-like-CoVs were 
identified among different species of horseshoe bats 
(Li et al., 2005; Lau et al., 2005), implicating bats as the 
potential reservoir of these novel coronaviruses (Wang et 
al., 2006). 

Coronaviruses are enveloped positive-stranded RNA 
viruses containing several structural proteins including 
the spike glycoprotein (S), nucleocapsid protein (N), 
membrane protein (M), and envelope protein (E). 
Receptor-binding and membrane fusion between the 
virus and host cell is mediated by the S protein, which is 
also the main target for neutralizing antibodies (Lai et 
al., 2007). The S protein is a large class I transmem¬ 
brane glycoprotein consisting of two domains: the SI 
domain at the N terminus responsible for receptor¬ 
binding and the C-terminal S2 domain functioning in 
fusion. For SARS-CoV, the minimal receptor-binding 
domain has been defined as a 193-aa fragment (aa 318- 
510) which binds to the receptor molecule, ACE2, in 
vitro (Li et al., 2003; Wong et al., 2004). The N protein 
is thought to participate in the replication and 
transcription of viral RNA and interfere with cell 
cycle processes of host cells. In addition, the N protein 
of many coronaviruses is highly immunogenic and 
abundantly expressed during infection, making it an 
attractive target for detection of virus-specific anti¬ 
bodies (Lai et al., 2007). 

There are several diagnostic approaches developed 
for the detection of SARS-CoV infection, including 
PCR-based assays, antigen detection and antibody 
detection (Shi et al., 2003; He et al., 2005; Houng et 
al., 2004; Manopo et al., 2005; Wang et al., 2005b; Chou 
et al., 2005). Most, if not all, of these detection methods 
were developed for human applications. There is a lack 
of attention to the study of immune responses in 
different animal species and a lack of proper diagnostic 
tools for wide range surveillance of animal populations. 


Yet, it is well documented that SARS-CoVs and SARS- 
like-CoVs can infect a wide range of animal species 
(Wang et al., 2006). In most cases, there is no obvious 
clinical sign associated with the infection, making early 
detection and diagnosis even more difficult. Knowing 
that SARS-CoV originated from an animal reservoir 
and animals played a key role in the adaptation and 
transmission to the human population (Holmes 2005; Li 
et al., 2006), accurate diagnosis of SARS-CoV 
infection among different animals species should be an 
important and integral part of an effective prevention 
strategy for reducing animal-to-human transmission. 

In this study we identified and characterized the 
major immunodominant domains of the SARS-CoV N 
and S proteins recognized by different animal species, 
and then developed competition ELISAs based on these 
findings. By conjugating the detection antibodies with 
horseradish peroxidase, we developed one-step-compe- 
tition ELISAs (or oscELISA) which are simple to use 
and can detect SARS-specific antibodies from different 
species. With further improvement and validation, we 
are hopeful that this will become a powerful tool for 
early detection of SARS-CoV infections in animals, 
which will in turn help to reduce the risk of future SARS 
outbreaks in humans. 

2. Materials and methods 

2.1. Virus and cell culture 

The HKU-39849 strain of SARS-CoV was used in 
this study and all live virus work was carried out in the 
Biosafety Level 4 (BSL-4) laboratory under protocol 
approved by the Institutional Biosafety Committee 
(IBC). Culturing of virus in Vero E6 cells was conducted 
as previously reported (Tu et al., 2004). For use outside 
the BSL-4 laboratory, virus preparation was inactivated 
by gamma-irradiation at a dose of 50 kGy. 

2.2. Antisera and monoclonal antibodies 

Anti-SARS-CoV sera from rabbits, rats and mice were 
generated in the BSL-4 animal facility at the Australian 
Animal Health Laboratory (AAHL). To test the suscept¬ 
ibility and to generate antibodies from live vims, 100,000 
TCID 5 o SARS-CoV was administered oronasally to 
rabbits (New Zealand white, n= 2), mice (Balb/c, n = 6 ) 
and rats (Sprague-Dawley, n= 4). Daily monitoring for 
clinical signs did not detect disease and after three weeks 
the animals were euthanized and blood samples were taken 
for serology. Anti-SARS-CoV antibody in semm was 
detected using immunofluorescence antibody test (IFAT) 
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and Western blot assays, and confirmed by virus 
neutralization test (VNT). In addition, a collection of 
human and animal antisera was also used in this study. 
They included human sera from SARS patients (Liang et 
al., 2004), hyperimmune horse, pig and rabbit sera raised 
against formalin inactivated SARS-CoV (C. Tu, unpub¬ 
lished results), pig sera from experimental infection studies 
(Weingartl et al., 2004), sera from naturally infected civets 
(Tu et al., 2004) and bats (Li et al., 2005), and a panel of 
mouse monoclonal antibodies (Berry et al., 2004). 

2.3. Recombinant antigens 

For cDNA preparation, SARS-CoV RNA was 
extracted from the inactivated virus pellet using the 
QIAamp Viral RNA Mini Kit (Qiagen), followed by 
cDNA synthesis using the Omniscript RT Kit (Qiagen) 
and random hexamer primers. PCR primers were 
designed using published sequence to amplify frag¬ 
ments coding overlapping regions of the S and N 
proteins, respectively. All forward primers contain the 
Mlul site and the reverse primers contain the Not I site 
(primer sequences will be provided on request) to 
facilitate cloning into the modified expression vectors 
pHAN and pBAN, which were modified, respectively, 
from the pRSET vector (Invitrogen) for expression of 
His 6 -tagged fusion proteins and the pDW363 vector 
(Tsao et al., 1996) for expression of fusion proteins with 
a biotin tag at the N terminus. Both vectors have in¬ 
frame As cl and Not! sites in their multiple cloning sites. 

E. coli BL21 (DE3) (Novagen) harbouring appropriate 
recombinant plasmid was grown in 2 ml of LB broth 
containing ampicillin (50 pg/ml) at 37 °C with shaking 
overnight. The culture was diluted 1:100 and incubated at 
37 °C with shaking until OD 60 o reached 0.5. Protein 
expression was induced by addition of Isopropyl-beta-D- 
thiogalactoside (IPTG) at a final concentration of 1 mM. 
After 4 h, bacterial cells were harvested by centrifugation. 
The cell pellet was resuspended in lysis buffer (500 mM 
NaCl, 50 mM phosphate buffer, pH7.8) and lysed by 
sonication. The insoluble protein fraction was collected 
by centrifugation and solubilised in 8 M urea (in the 
same lysis buffer). The recombinant proteins were then 
purified by preparative sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE) as 
previously described (Tachedjian et al., 2006). 

2.4. Production, purification and conjugation of 
chicken mono-specific antibodies 

Four 16-week-old chickens were immunized with 
recombinant proteins for antibody production, two with 


His 6 -S3 and two with biotin-Nc (see Fig. 1). For primary 
immunization, 50 pg of recombinant protein was mixed 
with the CSIRO Triple Adjuvant (Tachedjian et al., 2006) 
before injection. Three weeks later, the same injection was 
repeated for boost immunization. The final boost was 
carried out by injection of 50 pg protein without adjuvant 
at three weeks after the second injection. Chickens were 
bled before each injection and SARS-CoV reactive 
antibodies were determined by ELISA using inactivated 
SARS-CoV antigen (see below). 

Eggs were collected for a period of five months and 
egg yolk was pooled for purification of IgY antibodies. 
The IgY Extraction and Purification Kit (Pierce) was 
used for purification as follows: one part of egg yolk 
(approximately 10 ml) was mixed with 4 parts of 
phosphate buffered saline (PBS), pH 7.5, followed by the 
addition of PEG 6000 to a final concentration of 3.5% 
(w/v). The mixture was stirred for 20 min at room 
temperature and centrifuged for 25 min at 5000 xg. The 
supernatant was then filtered through cotton wool in a 
funnel, and PEG 6000 was added to the clear supernatant 
to a final concentration of 12% (w/v). The mixture was 
stirred for 10 min at room temperature and centrifuged as 
above. After dissolving the precipitate in 25 ml of PBS, 
the same procedure was repeated once by addition of 
PEG 6000 to 12%, mixing and centrifugation. The final 
precipitate was slowly dissolved in 2.5 ml of PBS and 
dialysed against PBS overnight at 4 °C. Aliquots of IgY 
antibodies were stored at -20 °C for future use. 

Conjugation of IgY antibodies to horseradish perox¬ 
idase (HRP) was carried out following the protocol 
provided by the EZ-Link Plus Activated Peroxidase Kit 
(Pierce). Briefly, 1 ml of IgY antibodies at approxi¬ 
mately 1 mg/ml in conjugation buffer was added to the 
lyophilized EZ-Link Plus Activated Peroxidase. The 
mixture was incubated for 1 h at room temperature, 
followed by the addition of 10 pi Reductant Solution 
and a further incubation of 15 min. The reaction was 
stopped by adding 20 pi of Quench Buffer, followed by 
incubation at room temperature for 15 min. The 
conjugate was dialysed against PBS buffer overnight 
at 4 °C and aliquots were stored at -20 °C in the 
presence of 50% glycerol. 

2.5. Detection of specific antibodies by 
immunofluorescent antibody test, Western blot and 
virus neutralization test 

All immunofluorescent antibody tests were carried 
out following the standard protocols previously 
described by our group (Tu et al., 2004; Zhang et al., 
2006). Western blot analysis was carried out as 
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Fig. 1. Schematic diagram of the S and N protein fragments generated in this study. The numbers shown below indicate the region (aa residue 
positions) of each fragment expressed. 


described (Wang et al., 1996). To produce membrane 
strips for testing reactivity of the same antigen with a 
panel of different sera, 20 pg of purified protein was 
loaded into a wide comb, separated by SDS-PAGE and 
transferred to nitrocellulose membrane. The membrane 
was then sliced into 5 mm-wide strips and each strip 
tested with a different serum sample. Alkaline phos¬ 
phatase (AP)-conjugated secondary antibodies and AP- 
streptavidin were obtained from Chemicon Australia. 
For virus neutralization, serial two-fold dilutions of test 
sera and control sera were prepared in duplicate in a 96- 
well tissue culture plate in 50 pi cell media (Minimal 
Essential Medium containing Earle’s salts and supple¬ 
mented with 2 mM glutamine, 500 pg/ml fungizone, 
100 units/ml penicillin, 100 pg/ml streptomycin and 
10% fetal calf serum). Under BSL4 conditions, an equal 
volume of SARS-CoV working stock (HKU-39849) 
containing 200 TCID 50 was added and the virus-sera 
mix incubated for 30 min at 37 °C in a humidified 5% 
C0 2 incubator. 100 pi of Vero cell suspension contain¬ 
ing 2 x 10 5 cells/ml was added and the plate incubated at 
37 °C in a humidified 5% C0 2 incubator. After three 
days, the plate was observed for CPE. 

2.6. ELISAs 

All ELISA assays were carried out using standard 
procedures established in our group (Yu et al., 2005; 
Zhang et al., 2006). All incubations were conducted at 
37 °C for 1 h with gentle shaking, and all washes (five 
times between each step) were carried out at room 
temperature using PBS containing 0.05% Tween 20 
(PBST). Antigens were coated in 0.1 M carbonate buffer 
(pH 9.3) and antibody dilutions were done in blocking 
solution (2% skim milk in PBST). PVC 96-well plate 
(Dynatech) was used for all ELISA analysis. For 


indirect ELISAs, viral or recombinant antigens were 
coated at a concentration of 50-150 ng/well, and bound 
antibodies were detected using HRP-conjugated spe¬ 
cies-specific secondary antibodies (Chemicon) or HRP- 
conjugated protein A/G (Zymed). Color development 
was conducted using the substrate 3,3,5,5, tetramethyl- 
benzidine (TMB) and the absorbance at 450 nm was 
determined. For competition ELISA, detecting antibody 
(mAb or chicken mono-specific antibody) was added 
directly after the antigen-coated plate was pre-incubated 
with test sera without wash steps. The percentage 
inhibition of detecting antibody binding was calculated 
using the following formula: 

% inhibition = 100 — OD T /OD B x 100, in which ODj 

= OD obtained in the presence of test sera; OD B 

= OD obtained with buffer only. 

3. Results 

3.1. Production of SARS-CoV antisera in different 
experimental animals 

To test for susceptibility and to generate antisera in 
experimental small animals, rabbits, rats and mice were 
inoculated with 100,000 TCID 50 SARS-CoVoronasally 
and monitored daily for clinical signs. None of the 
animals showed any signs of disease. Three weeks post¬ 
infection, all animals were euthanized and serum samples 
were taken for analysis using three different assays, i.e., 
immunofluorescent antibody test (IFAT), Western blot 
and virus neutralization test (VNT). The results are 
shown in Table 1. Seroconversion was observed in all 
three species although not in all animals. From the 
limited number of animals used in this study, it appeared 
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Table 1 


Serologic analysis of sera from animals inoculated oronasally with live 
SARS-CoV 


Animal Species 

Animal # 

VNT Titer a 

IFAT b 

Western Blot c 

Mouse 

1 

-ve 

+++ 

++ 


2 

1:20 

++++ 

++ 


3 

1:10 

+++ 

++ 


4 

-ve 

-ve 

++ 


5 

-ve 

++ 

++ 


6 

-ve 

++ 

++ 

Rat 

1 

1:80 

++ 

++ 


2 

1:80 

++ 

++ 


3 

1:80 

++ 

++ 


4 

1:160 

++ 

++ 

Rabbit 

1 

-ve 

-ve 

-ve 


2 

1:20 

++++ 

++++ 


a Titre of antibody that neutralized infectivity of 200 TCID 50 of 
SARS-CoV. 

b Immunofluorescent antibody test was done using a serum dilution 
of 1:50 and the intensity of staining in SARS-CoV-infected cells, but 
not in mock infected cells, was indicated by the sign + with ++++ 
representing the strongest signal observed. 

c Western blot was carried out using a serum dilution of 1:200 and 
the intensity of the reactivity against a recombinant full-length N 
protein was indicated by the sign + with ++++ representing the 
strongest reactivity. 


that rats were the most susceptible and displayed the 
highest VNT titres in their sera varying from 1:80 (/? = 3) 
to 1:160 {n = 1). Four of the six mice produced antibodies 
detected by IFAT and Western blot, but only two of them 
were positive in VNT. One of the two rabbits also 
seroconverted, with a low VNT titre of 1:20. 

3.2. Expression and purification of recombinant 
proteins 

Recombinant proteins, full-length or serially over¬ 
lapping fragments, were produced in E. coli for 


determination of immunodominant regions in the S 
and N proteins. PCR fragments were cloned into two 
expression systems, the pRSET-derived pHAN vector 
for production of His 6 -tagged proteins and the 
pDW3 63-derived pBAN vector for biotin-tagged pro¬ 
teins. All of the recombinant proteins generated in this 
study are summarised in the diagram in Fig. 1 with their 
aa positions indicated. For each construct, two positive 
clones were confirmed by DNA sequencing for correct 
insert sequence and in-frame fusion with the vector- 
encoded tagging sequences. As expected, the level of 
expression varied with the different constructs, and 
some expressed better in the His 6 -tagging system and 
other vice versa (data not shown). Overall, the 
expression level varied from 0.5-1 mg/1 to approxi¬ 
mately 10-20 mg/1. Most of the expressed proteins were 
present largely in the insoluble fractions when analysed 
by Western blot using anti-His 6 antibody (for His 6 - 
tagged proteins) or AP-conjugated streptavidin (for 
biotin-tagged proteins). This observation prompted us to 
purify the recombinant proteins using preparative SDS- 
PAGE under denaturing conditions. A purity of 90% or 
greater was achieved for all recombinant proteins when 
analysed by direct staining with Commassie blue. 

3.3. Determination of the immunodominant regions 
recognized by sera from different animal species 

For mapping of immunodominant regions of the S 
and N proteins, Western blot using membrane strips was 
conducted. Each of the 12 recombinant protein 
fragments, His 6 -tagged SI to S6 and biotin-tagged N1 
to N6, was tested against a panel of animal sera from six 
different animal species. The results are compiled in 
Table 2 together with the reactivity of each serum 
sample in VNT. The hyperimmune horse serum was 
known to contain a very high titre of antibodies and was 


Table 2 


Summary of western blot profile for different animal sera against the N and S-protein fragments 


Animal 

Sera a 

VNT 

titre 

Western blot: N fragments b 




Western blot: S fragments 13 




N1 

N2 

N3 

N4 

N5 

N6 

SI 

S2 

S3 

S4 

S5 

S6 

Horse/IM 

1:1280 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Civet/IF 

1:240 

+ 



+ 

+ 



+ 

+ 


+ 

+ 

Mouse/IF 

1:20 




+ 




+ 

+ 

+ 


+ 

Pig/IM 

1:40 



+ 

+ 

+ 




+ 


+ 


Rat/IF 

1:180 

+ 



+ 

+ 

+ 

+ 


+ 


+ 

+ 

Rabbit/IM 

1:80 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 


+ 


Rabbit/IF 

1:20 




+ 

+ 




+ 


+ 

+ 


a For each animal species, a representative positive serum with the best reactivity in VNT and IFAT was used for this study. Abbreviations: IF, 
infected sera; IM, immunized sera; 
b Positive reactivity in Western blot is indicated by the + sign. 
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used as a positive control in this study. As shown in 
Table 2, the horse serum reacted with all of the S and N 
protein fragments tested. Overall, the hyperimmune sera 
(especially those from horse and rabbit) displayed more 
reactivity towards different fragments than sera obtained 
from experimental or natural infection (civet, rabbit, 
mouse and rat). However, the results in Table 2 clearly 
indicate that S3 and N4 represented the most cross¬ 
reactive regions of the S and N proteins, respectively. In 
addition, the data also reveal that the C-terminal half of 
the N protein is more immunogenic than the N-terminal 
half, at least for the epitopes which were recognizable 
under denaturing conditions, i.e., in Western blot. 

3.4. Generation and characterization of chicken 
anti-Nc and anti-S3 antibodies 

Based on the results obtained above, mono-specific 
antibodies were raised in chickens against the S3 and Nc 


fragments. Two chickens each were used for production 
of anti-S3 and anti-Nc antibodies. After three immuni¬ 
zations, the peak antibody titres were determined by 
ELISA using whole virus antigen. For both S3 and Nc, a 
final titre of 1:100,000 to 200,000 was obtained (data 
not shown). The specificity of the antibody was further 
confirmed using Western blot against viral antigen (data 
not shown) and IFAT using SARS-CoV infected Vero 
cells. As shown in Fig. 2, both antibodies reacted with 
SARS-CoV infected Vero cells whereas the pre-bleed 
chicken sera did not. When tested in VNT, neither of the 
anti-S3 or anti-Nc antibodies showed any evidence of 
neutralization activity (data not shown). 

For conjugation of HRP to the chicken antibodies, 
crude IgY antibodies were purified from egg yolks using 
the PEG precipitation method and protein concentration 
and purity were determined by SDS-PAGE in compar¬ 
ison with serially diluted BSA standards run on the same 
gel. The protein concentration of anti-S3 and anti-Nc 



Fig. 2. Test of mono-specific chicken antibodies by IFAT. Vero E6 cells infected with SARS-CoV was tested with the following antibodies (dilution 
of antibodies given in parenthesis): A. Rabbit anti-SARS-CoV serum (1:500); B. Pre-bleed chicken serum (1:200); C. Chicken anti-Nc serum 
(1:200); and D. Chicken anti-S3 serum (1:200). 
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IgY was at 2 mg/ml and 5 mg/ml, respectively. The 
purity for both antibodies was approximately 85-90%. 
The antibody titres of the partially purified anti-S3 and 
anti-Nc IgY were 1:3200 and 1:6400, respectively, 
tested using the same ELISA as for the serum antibodies 
above. An aliquot (approximately 1 mg) of each IgY 
antibody was then conjugated to HRP using the Pierce 
EZ-Link Plus Activated Peroxidase Kit. The final titres 
of the HRP-anti-S3 and HRP-anti-Nc antibodies were 
very similar, 1:200 andl:100, respectively. 

3.5. Mapping binding sites of S-specific monoclonal 
antibodies 

Among a panel of mAbs generated using inactivated 
SARS-CoV, five were directly shown to be S-specific by 
Western blot analysis (Berry et al., 2004). In addition, 
four other mAbs were shown to neutralize SARS-CoV 
although failed to react with the S protein in Western blot. 
In this study, competition ELISA (cELISA) was carried 
out between chicken anti-S3 antibodies and these mAbs, 
using chicken anti-Nc as a control. The data shown in 
Fig. 3 A indicated that the binding of three known S- 
specific mAbs and four neutralizing mAbs to SARS- 


CoV antigen was blocked by the anti-S3 antibodies, but 
not by the anti-Nc antibodies. Among these mAbs, 
F26G8 displayed the most efficient blocking by the 
chicken anti-S3 antibodies. Western blot analysis of the 
six S-protein fragments indicated that F26G8 was able to 
bind both the S3 and S4 fragments (Fig. 3B), suggesting 
that its epitope is located in the overlapping region (aa 
590-622) of the two protein fragments. 

3.6. Competition ELISAs for detection of SARS-CoV 
antibodies from different species 

One of the main aims of this study was to assess the 
feasibility of developing a competition ELISA for 
detection of SARS-CoV antibodies from different 
animal species. Based on the results above, it was 
evident to us that a cELISA based on either mAb F26G8 
or the chicken mono-specific antibodies might be ideal 
for such an application. To confirm this, three separate 
cELISAs were developed and tested against a panel of 
negative and positive SARS-CoV sera from different 
species. Firstly, a cELISA based on mAb F26G8 was 
tested against a panel of known positive and negative 
sera from different species, and the results in Fig. 4 


A. 

80 
70 
60 
.2 50 



F26G3 F26G6 F26G7 



mAbs 



RGS-His 


F26G8 


- 40 

- 25 



Fig. 3. Mapping of mAb binding regions by cELISA and Western blot. A. Competition ELISA using whole virus as antigen. The IgY antibodies were 
used at 1:10 for both Nc and S3. The percentage inhibition was calculated using the formula given in Materials and methods. B. Western blot analysis 
of all six S fragments using mAbs RGS-His and F26G8. 
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Fig. 4. Inhibition of F26G8 binding to SARS-CoV by sera from different species. All animal sera were used at a dilution of 1:10. The percentage 
inhibition was calculated using the formula given in Materials and methods. Abbreviations: IF, infected sera; IM, immunized sera; NEG, negative 
control sera. 


suggested that each serum was able to inhibit F26G8 
binding, with the civet sera displaying the strongest 
inhibition. 

We then tested the feasibility of using the HRP- 
conjugated chicken mono-specific antibodies as detect¬ 
ing antibody in a cELISA. Since the ELISA only 
requires one-step incubation with both detection and 
testing antibodies, we termed the assay one-step- 
competition ELISA or oscELISA. As shown in Fig. 5, 
although different sera showed slightly different inhibi¬ 
tion patterns against the HRP-IgY/S3 or HRP-IgY/Nc 
antibodies, both assays, especially the oscELISA using 
HRP-IgY/S3 antibody, were able to detect positive sera 
from a wide range of animal sera. It is worth noting that 
the sera from bats infected with SARS-like-CoVs 


inhibited HRP-IgY/Nc antibodies more effectively 
than HRP-IgY/S3 antibodies (see more in Discussion). 

4. Discussion 

Compared with the great success in rapid identification 
of the S ARS causative agent involved in and the control of 
the SARS outbreaks, our understanding of the origin and 
mechanism of animal-to-animal and animal-to-human 
transmission of SARS-CoV is less satisfactory. With 
recent identification of SARS-like-CoVs in bats (Li et al., 
2005; Lau et al., 2005) and the key role played by civets in 
direct transmission of SARS-CoV to humans (Liang et 
al., 2004; Wang et al., 2005a, 2006), it is evident that 
further research is required before we are able to get a 
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Fig. 5. Inhibition of binding of mono-specific chicken antibodies to SARS-CoV by sera from different species. All animal sera were used at 1:10 for 
this study. Since animal sera of different species gave rise to different level of background inhibition, the percentage inhibition was calculated using 
the following formula:% inhibition= 100-(OD N -OD T /OD B ) x 100, in which OD N = OD obtained in the presence of known negative sera from the 
same species; OD x = OD obtained in the presence of test sera; and OD B = OD obtained with buffer only. Abbreviations: IF, infected sera; IM, 
immunized sera; NEG, negative control sera. 





































M. Yu et al. / Journal of Immunological Methods 331 (2008) 1-12 


9 


better understanding of what was the true origin of the 
SARS-CoVs responsible for the 2002-2003 outbreaks 
and whether such events can happen again in the future. 

There are two major difficulties associated with the 
study of roles played by animals leading to potential 
SARS outbreaks. First, there are more than a dozen 
animal species known to be susceptible to SARS-CoV 
by either natural or experimental infection (Wang et al., 
2006), and it is likely that more animal species could be 
susceptible too. It is important to differentiate between 
those which play a key role in the origin and 
transmission of SARS-CoV and those that are infected, 
but play no significant role in disease spread and spill 
over to the human population. Secondly, there is a lack 
of an ideal detection approach to monitor infection 
status of different animal species. The most commonly 
used tool is direct PCR analysis for the presence of viral 
material in animal specimens (Guan et al., 2003; Poon et 
al., 2005; Kan et al., 2005; Woo et al., 2006; Tang et al., 
2006). While this is effective to detect active infection, it 
is not very sensitive to monitor prior exposure in a given 
animal population. We believe that a serological test 
which detects SARS-CoV antibodies will be a more 
powerful tool for investigation of SARS-CoV preva¬ 
lence among different animal populations. 

To develop an antibody test which can be applied to 
different animal species, it is essential to first have a 
panel of different animal sera which are known to be 
positive to SARS-CoV. This was achieved by a broad 
international collaboration among groups who have 
access to such sera from naturally infected wild life 
animals, experimentally infected animals or animals 
immunized with inactivated virus. 

For production of SARS-CoV antisera in small 
animals at AAHL, we chose to use live virus for two 
reasons. Firstly, this allowed us to test the susceptibility 
of these animals to SARS-CoV (the work began in 
2003, before any experimental animal infection studies 
were published). Secondly, if the animals were suscep¬ 
tible, this would provide us better quality reagent than 
that obtained from immunization with inactivated virus 
and adjuvant. The seroconversion data in this study 
indicate that rats, mice and rabbits are susceptible to 
infection of SARS-CoV by the oronasal route. When 
the same amount of virus was administered subcuta¬ 
neously and intra-peritoneally, none of the animals 
seroconverted (data not shown), suggesting that the 
seroconversion is due to the replication of SARS-CoV 
rather than immunization and that the route of admin¬ 
istration is important for the infection to occur. 

To determine the immunodominant regions of the N 
and S proteins recognized by different animal species, a 


series of overlapping truncated recombinant fragments 
were produced in E. coli. Reactivity of different animal 
sera against each of the 12 protein fragments was 
conducted by Western blot. While it is known that 
Western blot is not ideal for detecting conformational 
epitopes, it is the most feasible and effective way to 
unequivocally locate at least the linear or continuous 
immunodominant epitopes. The two most immunodo¬ 
minant regions, S3 and N4, were identified for the S and 
N proteins, respectively. For the N protein, it seems that 
the C-terminal region is more immunogenic than the N- 
terminal region. For the S protein, the location of S3 (aa 
402-622) is consistent with previous studies conducted 
with SARS patient sera, which revealed that the 
immunodominant regions are located in the following 
regions of the S protein, aa 528-635 (He et al., 2004), 
540-559 (Lu et al., 2005) and 441-700 (Manopo et al., 
2005). Combined with our data, these results suggest that 
the common immunodominant regions are shared 
among humans and animals. 

Based on the results above, mono-specific antibodies 
targeting the S3 and Nc regions were produced in 
chickens. The chicken was chosen for several reasons. It 
was known that avian species were not susceptible to 
SARS-CoV (Weingartl et al., 2004; Swayne et al., 
2004), and antibodies produced in chicken can be used 
as detecting antibodies in a competition ELISA for 
SARS-CoV sera from any mammalian species without 
the concern of potential cross reactivity of anti-species 
secondary antibodies. Collection and purification of IgY 
antibodies from egg yolk have proven to be a very 
effective and economical way of producing large 
quantities of antibodies (Tachedjian et al., 2006). By 
collecting the lymphocytes (bursa or spleen) of antigen- 
sensitized chickens, the immune gene repertoire can be 
stored for later production of recombinant chicken 
single chain antibodies, which is technically less 
challenging than the production of rabbit or mouse 
single chain antibodies (Foord et al., 2007). The 
successful production of S3- and Nc-specific antibodies 
was confirmed by several assays, including IFAT, 
ELISA and Western blot. The results presented in Fig. 
2 demonstrated not only the specific staining of viral 
antigens in SARS-CoV infected cells, but also the 
different staining patterns for the two antibodies. This 
was expected considering that S3 antibodies should 
react to the extracellular domain of the S proteins 
whereas the N proteins are known to be located intra- 
cellularly (Lai et al., 2007). 

In addition to the main application of these antibodies 
in the development of cELISA, these mono-specific 
antibodies also proved useful in determining the 
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specificity of several mAbs produced in a previous 
study (Berry et al., 2004). The data presented in Fig. 3 
indicated that all four conformational neutralizing mAbs 
(F26G3, F26G7, F26G9 and F26G10) are S-specific and 
bind to a domain overlapping with the S3 region. 

In comparison with an indirect ELISA, the cELISA 
has the advantage in that it can be used for detection of 
antibodies from different species without having to use 
species-specific secondary antibodies. Most cELISAs 
employ mAbs as the detecting antibodies to achieve 
maximal specificity. However, for viruses like SARS- 
CoV, which are known to have many variants and are 
rapidly mutating, a mAb-based cELISA may potentially 
give false negative diagnosis due to subtle changes of 
protein sequence close to or in the epitope region. For 
this reason, we have developed in parallel cELISAs 
using mono-specific antibodies as detecting antibodies. 
Also, by directly conjugating the chicken antibodies 
with HRP, we were able to develop oscELISAs for 
detection of SARS-CoV antibodies from any species, 
from human, civets, to bats. 

It is important to point out that due to the limited 
availability of positive sera from different animal spe¬ 
cies, the cELISAs developed in this study need more 
optimization and validation before they can be used as 
robust diagnostic assays. It is also important to note that 
depending on the purpose of application, one may wish 
to use different assays under different circumstances. 
Although sequence analysis would suggest low prob¬ 
ability of interference by cross-reactive antibodies to 
other animal coronaviruses, this is yet to be confirmed 
experimentally for the HRP-IgY/NC oscELISA. How¬ 
ever, we are certain that this will not be an issue in the S- 
protein-based cELISAs. This was deduced from the 
preliminary data obtained with bat SL-CoV antisera in 
this study. It was clear that not all bat SL-CoV sera were 
detectable in the HRP-IgY/S3 oscELISA. The failure to 
detect some positive bat sera using the HRP-IgY/S3 
oscELISA can be explained by the significant sequence 
difference present in the N-terminal half of the S pro¬ 
teins of SARS-CoVs and SARS-like-CoVs (Li et al., 
2005). The development of three cELISAs was intended 
to provide choices for different applications. If the most 
specific antibody test is needed to detect SARS-CoV 
infection, the mAb-based cELISA may be the best 
choice. On the other hand, if one wishes to detect 
antibodies to all of the related SARS-CoVs and SARS- 
like-CoVs, the anti-Nc-based cELISA will be more 
appropriate. The anti-S3-based cELISA will be most 
useful to detect antibodies for SARS-CoVs only, but 
allow for sequence variations in the S proteins of 
different SARS-CoV strains. 
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